Previous work has shown that microbial communities in As-mobilizing sediments from West Bengal were dominated by Geobacter species. Thus, the potential of Geobacter sulfurreducens to mobilize arsenic via direct enzymatic reduction and indirect mechanisms linked to Fe(III) reduction was analyzed. G. sulfurreducens was unable to conserve energy for growth via the dissimilatory reduction of As(V), although it was able to grow in medium containing fumarate as the terminal electron acceptor in the presence of 500 M As(V). There was also no evidence of As(III) in culture supernatants, suggesting that resistance to 500 M As(V) was not mediated by a classical arsenic resistance operon, which would rely on the intracellular reduction of As(V) and the efflux of As(III). When the cells were grown using soluble Fe(III) as an electron acceptor in the presence of As(V), the Fe(II)-bearing mineral vivianite was formed. This was accompanied by the removal of As, predominantly as As(V), from solution. Biogenic siderite (ferrous carbonate) was also able to remove As from solution. When the organism was grown using insoluble ferrihydrite as an electron acceptor, Fe(III) reduction resulted in the formation of magnetite, again accompanied by the nearly quantitative sorption of As(V). These results demonstrate that G. sulfurreducens, a model Fe(III)-reducing bacterium, did not reduce As(V) enzymatically, despite the apparent genetic potential to mediate this transformation. However, the reduction of Fe(III) led to the formation of Fe(II)-bearing phases that are able to capture arsenic species and could act as sinks for arsenic in sediments.
The mobilization of arsenic from sediments to drinking water constitutes a major toxic hazard to millions in Bangladesh and West Bengal. A number of mechanisms have been proposed for the release of arsenic into the groundwater in Bengal shallow alluvial sedimentary aquifers (1, 3, 8, 11, 12, 18, 21, (33) (34) (35) 39) , including the oxidation of arsenic-rich pyrite in aquifer sediments, driven by lowering of the water level by abstraction, and then penetration of the aquifer by oxygen (8, 11, 12) , or the reductive dissolution of arsenic-rich iron-oxyhydroxides, driven by the microbial consumption of sedimentary organic matter in anoxic groundwater (33, 34, 39) . The latter mechanism has received recent support as the dominant mechanism for groundwater arsenic contamination (3, 20, 21, 39) .
In a recent microcosm-based study (21) , we provided the first direct evidence of the role of indigenous metal-reducing bacteria in the formation of toxic, mobile As(III) in sediment from the Ganges Delta. The study showed that addition of acetate to anaerobic sediments, as a proxy for organic matter and a potential electron donor for metal reduction, resulted in stimulation of the microbial reduction of Fe(III), followed by As(V) reduction and release of As(III). Culture-dependent techniques confirmed a role for Fe(III)-reducing bacteria in As release, while PCR studies showed that the microbial communities in these sediments were dominated by Fe(III)-reducing bacteria most closely related to known Geobacter species. These results suggest that either direct enzymatic microbial reduction of As(V) by Fe(III)-reducing bacteria or indirect mechanisms associated with the reduction of Fe(III) oxides [for example, the reductive dissolution of host Fe(III) oxyhydroxides or reduction of As(V) via microbially generated Fe(II)] could be important mechanisms for arsenic release in these sediments, with the involvement of Geobacter species implicated in these transformations.
Multiple studies have shown that members of the family Geobacteraceae predominate in aquifers where Fe(III) reduction is a significant terminal electron-accepting process, especially when sediments are stimulated with acetate as an electron donor (for examples, see references 19, 21, and 41) . In these environments, they play a dominant role in the degradation of organic matter and also control the mobility of toxic metals and radionuclides (23) . Given the environmental importance of this group of bacteria, there have been considerable research activities focused on the physiology and biochemistry of Geobacter species (26) , underpinned by the recently published genome sequence for Geobacter sulfurreducens (30) and the development of a genetic system for this organism (9) . Although Geobacter species have not been re-ported to reduce As(V), these organisms do have the physiological capacity to reduce a wide range of metals and metalloids (7, 23) via a battery of c-type cytochromes (30) , while the existence of an arsenic resistance operon, including a gene for a putative arsenate reductase (arsC), has also been reported for G. sulfurreducens (30) . Thus, the aim of this study was to determine if this model Geobacter species is able to mobilize arsenic via three potential mechanisms: (i) the direct enzymatic reduction of As(V) to potentially more soluble As(III), (ii) release of As(V) or As(III) via the reductive dissolution of host Fe(III) oxy-hydroxides, or (iii) indirect reduction and mobilization by biogenic Fe(II).
MATERIALS AND METHODS
Maintenance and growth of the organism. G. sulfurreducens (strain ATCC 51573) was grown at 20°C under anaerobic conditions in a modified freshwater medium as described previously (24) . Acetate (20 mM) and fumarate (40 mM) were supplied as the electron donor and the electron acceptor, respectively, unless otherwise stated. Cells were manipulated under an atmosphere of N 2 -CO 2 (80: 20) .
Metal reduction experiments with actively growing cells of Geobacter sulfurreducens. Cells were grown in freshwater medium containing acetate (20 mM) as the electron donor and soluble Fe(III)-citrate (56 mM) or fumarate (40 mM) as the electron acceptor. Sodium arsenate (500 M) was added from an anaerobic stock solution and in some experiments was used as the terminal electron acceptor for growth in lieu of Fe(III)-citrate. A 10% inoculum was used throughout, and the cultures were incubated in the dark at 20°C. All the manipulations were done under a modified atmosphere of 5% H 2 ϩ 95% N 2 in an anaerobic cabinet (Coy Laboratory Products Inc., Michigan).
Metal reduction experiments with resting cells of Geobacter sulfurreducens. Late-log-phase cultures were harvested by centrifugation at 3,000 rpm (Centaur 2 centrifuge; MSE, Kent, United Kingdom) for 10 min and washed twice in carbonate buffer (NaHCO 3 at 30 mM, pH 7.1) in N 2 -CO 2 (80:20) . Aliquots of the washed cell suspension (1.5 ml) were added to the anaerobic bottles containing 18.5 ml carbonate buffer and sealed with butyl rubber stoppers. The final biomass concentration was about 0.7 mg/ml protein. The following additions were made from anaerobic stock solutions as required: poorly crystalline Fe(III) oxide (10 mM) (27) , sodium arsenate (100 M), and sodium acetate (20 mM). All of these preparations were done using strict anoxic techniques in N 2 -CO 2 at 80:20. Bottles were incubated in the dark at 20°C. Analytical techniques. Approximately 1 ml of sample was removed from experimental cultures with a sterile syringe and needle in an anaerobic cabinet, and 100 l of sample was used to measure Fe(II) concentrations spectrophotometrically after reaction with ferrozine (27) . The rest of the sample was centrifuged for 10 min at a maximum speed of 14,000 rpm in a microcentrifuge (Spectrafuge 16 M; National Labnet Co., Woodbridge, NJ). An aliquot of the supernatant (100 l) was used for the quantification of soluble Fe(II), where appropriate, using ferrozine, and 700 l of the supernatant was filtered (0.1-to 0.2-m Anotop 10 inorganic membrane filter; Whatman, England) into an Eppendorf tube (1.5 ml) to determine the total arsenic concentration. The pellet was washed twice with phosphate buffer (30 mM, pH 7.0), and the protein concentrations were determined by using bicinchoninic acid with bovine serum albumin as a standard (40) .
Total arsenic in solution was assayed by inductively coupled plasma (ICP)-atomic emission spectrometry. Samples (500 l) were removed from the bottles in an anaerobic cabinet and digested with 2% HNO 3 (2.5 ml). Calibration standards were prepared with 2% subdistilled HNO 3 prior to analysis by dilution of the concentrated reference element stock solutions. Calibration blocks were placed at even intervals throughout each analytical run in order to correct the instrument drift. Samples (1 ml) for arsenic speciation were removed from the bottles in an anaerobic cabinet and passed through a 0.45-m filter prior to analysis by ion chromatography (IC)-ICP-mass spectrometry (MS) using the method of Gault et al. (16) . Standard reference materials were included in each analytical run; the arsenic concentrations determined were found to agree well with those certified.
XRD. X-ray diffraction (XRD) was used to determine the mineralogy of the precipitates that had been formed in the reduction experiments. The settled mineral residue was removed from the reduction experiments and dried under anaerobic conditions. The dried solid was smeared on a glass slide and was ground into a fine slurry with the addition of a few drops of amyl acetate, and the sample was then analyzed using a model 1730 Diffractometer with CuK␣ radiation (Phillips, Eindhoven, The Netherlands). Slides were kept under an anoxic atmosphere until analysis.
ESEM. An environmental scanning electron microscope (model XL30; Phillips, Eindhoven, The Netherlands) was used to image G. sulfurreducens, and an energy-dispersive spectroscopy (EDS) system (PGT-PRISM-detector; Princeton-Gamma-Tech., NJ) was used to identify the major elements present in the associated biominerals. Aliquots (2 ml) of the cell suspensions were collected in a Spectrafuge 16 M microcentrifuge (6,000 rpm) for 5 min. The supernatant was discarded, the pellet was washed three times in carbonate buffer, and 25 l of the washed suspension was pipetted onto an aluminum sample holder for viewing using environmental scanning electron microscopy (ESEM).
XAS. The oxidation state and coordination environment of arsenic associated with the precipitates that had been formed in the reduction experiments were probed using X-ray absorption spectroscopy (XAS). All samples analyzed in these experiments were taken from cultures that were 40 to 45 days old. X-ray absorption spectra at the arsenic K-edge were collected on station 16.5 at the United Kingdom CCLRC Daresbury Synchrotron Radiation Source Laboratory operating at 2 GeV with a beam current of between 130 and 240 mA. A Si (220) double-crystal monochromator was used, with harmonic contamination of the beam minimized by a vertically focusing mirror in addition to detuning to 70%. Sample data were collected at liquid-nitrogen temperature with the station operating in fluorescence mode using an Ortec 30 element solid-state Ge detector. Standards of sodium arsenite, disodium arsenate heptahydrate, arsenopyrite (FeAsS), and As(III)-glutathione were collected at room temperature in transmission mode. The As(III)-glutathione was synthesized by mixing a 10-fold molar excess of glutathione with sodium arsenite.
X-ray absorption near-edge structure (XANES) spectra were analyzed using the Daresbury Laboratory program LINCOM. The summed-sample XANES spectra were fitted by adjusting the relative proportion (and hence contribution) of each of the three end member standard spectra until a least-squares residual was minimized. Further details regarding the analysis of the background-subtracted extended X-ray absorption fine-structure (EXAFS) spectra can be found in the supplemental material accompanying reference 21.
Bioinformatics. The amino acid sequences for Staphylococcus aureus plasmid pI258 and Escherichia coli plasmid R773 arsenate reductases (ArsC) were retrieved from the National Center for Biotechnology Information (NCBI) database (accession numbers AAA25638.1 and C25937, respectively). These sequences were used to search the Geobacter sulfurreducens genome, also accessed through the NCBI database (accession number NC 002939.4) using the NCBI Genomic TBLASTN v2.2.9 program (4, 10). Open reading frames were detected using the NCBI ORF Finder (44) with the bacterial genetic coding option and Glimmer 2.13 from The Institute for Genomic Research (13) . Promoter regions ( 70 dependent) were detected using the Sequence Alignment Kernel method embedded in the Dual Support Vector machine (17) . The amino acid sequence of the putative G. sulfurreducens ArsC (accession number AAR36345.1) was used to search the NCBI nucleotide database using TBLASTN v2.2.9. Amino acid sequence alignments were made using CLUSTAL X (42).
RESULTS AND DISCUSSION
Potential for enzymatic reduction of As(V) by Geobacter sulfurreducens. Given the wide range of high-oxidation-state metals utilized as electron acceptors for anaerobic respiration by G. sulfurreducens (7) , coupled with the association of Geobacter species with sediments supporting the reduction of As(V) to As(III) (21) , initial tests were conducted to determine if G. sulfurreducens was able to couple anaerobic growth to the reduction of As(V). However, attempts to subculture G. sulfurreducens in a defined medium containing 500 M to 10 mM As(V) as the sole electron acceptor were unsuccessful; there was no increase in turbidity with prolonged incubation of cells in the growth medium and no evidence of As(V) reduction in the inoculated cultures. This was initially surprising, as parallel PCR experiments using primers designed to amplify a conserved region of the arrA (arsenate respiratory reductase) gene (28) amplified a 170-bp product consistent with partial arrA sequences amplified from other As(V)-respiring bacteria VOL. 71, 2005 CAPTURE OF ARSENIC BY Fe(II) BIOMINERALS 8643 (G. Lear and J. R. Lloyd, unpublished data). However, when this PCR product was sequenced, it was not a close match to known arrA genes, and we could find no evidence of an arrA gene in the published genome of G. sulfurreducens. These results, therefore, support the hypothesis that G. sulfurreducens cannot respire through the dissimilatory reduction of As(V). It also suggests that existing primers designed against arrA (28) should be used with care when using genomic DNA from subsurface sediments.
Another explanation for the nongrowth of the strain in these experiments was toxicity of the arsenate anion to the cells. However, the presence of 500 M As(V) added to medium containing 40 mM fumarate as an alternative terminal electron acceptor had no impact on the anaerobic growth of the organism. These results suggest that although it is not able to utilize As(V) as an electron acceptor, G. sulfurreducens does have an intrinsic level of resistance to As(V). Indeed, initial annotation of the genome of G. sulfurreducens suggested the presence of genes that may encode resistance of the organism to arsenic (30) . Thus, we made a detailed analysis of potential arsenic resistance genes in this organism to verify whether G. sulfurreducens has the genetic potential to reduce As(V) to As(III) via a detoxification pathway, which could potentially result in the formation of As(III) when the organism is grown using other terminal electron acceptors [e.g., fumarate or Fe(III)]. It should be noted that the concentrations of arsenic used in this study are much higher than those reported for soluble arsenic in aquifer sediments (21, 39) .
Analysis of the genome showed the presence of a cluster of three genes potentially coding for a transcriptional regulator of the ArsR family (arsR), an arsenate reductase (arsC), and an inorganic ion efflux protein homologous to the arsenite-transporting protein (acr3) in Saccharomyces cerevisiae. Furthermore, the putative As(V) reductase showed considerable homology with the many other prokaryotic ArsC proteins from the thioredoxin-dependent low-molecular-weight protein tyrosine phosphatase family, including that from Staphylococcus aureus pI258. Alignment of the amino acid sequence of the reductase with the ArsC from pI258 showed that many of the residues shown to be essential for the catalytic reduction of As(V) by S. aureus pI258, including all three of the active-site cysteine residues involved in the nucleophilic attack on the arsenic substrate, plus arginine-16 and aspartate-105 (29) , are conserved in the putative ArsC of G. sulfurreducens (data not shown).
Further analysis showed that the three genes lie contiguously and are potentially transcribed in the same direction. There was strong evidence for the presence of 70 -dependent promoter sequences at positions Ϫ35 and Ϫ10 upstream of the arsC transcription start site, indicating that the three genes do not form a traditional operon and that arsC and acr-3 are potentially transcribed into a single polycistronic mRNA sequence independently of the putative arsR gene. The presence of eight contiguous thymine residues between the 3Ј end of arsR and the promoter for arsC further supports this hypothesis.
To determine if the putative arsenic resistance operon of G.
FIG. 1.
Fe(II) (mM) before and after centrifugation and total soluble arsenic in cultures of G. sulfurreducens grown in defined medium using Fe(III) citrate as the electron acceptor and supplemented with 100 M As(V). OE, Fe(II) (mM) before centrifugation; ■, Fe(II) (mM) after centrifugation; F, total As (M); }, protein concentration (mg/ml). sulfurreducens played a role in resistance to the metalloid in fumarate-containing medium, we quantified the aqueous species of arsenic remaining in supernatants after growth. After 20 days of incubation under anaerobic conditions, all of the arsenic in solution (498 M) was in the pentavalent oxidation state and no As(III) was detected by IC-ICP-MS. As we could detect no As(III) in the growth medium under these conditions, we concluded that the putative arsenic resistance operon reported in G. sulfurreducens is unlikely to have played a role in mediating resistance to the metalloid in these experiments and is unlikely, therefore, to function as an arsenic resistance determinant in the subsurface in this organism. The mechanism of resistance to arsenate in this organism clearly warrants further investigation.
Interactions of As(V) with biogenic Fe(II).
Having determined that Geobacter sulfurreducens did not reduce As(V) enzymatically under the conditions imposed in our experiments, we focused on the potential of Fe(II) formed by this organism to reduce As(V) abiotically (6) . Initial experiments focused on actively growing cultures inoculated into medium containing 56 mM Fe(III)-citrate as the electron acceptor and supplemented with 100 M As(V). In these experiments, growth was accompanied by the generation of Fe(II), the subsequent formation of a white precipitate in the cultures, and the removal of arsenic from the aqueous phase. At the end of the experiment (22 days), approximately 32% of the Fe(II) and 98% of the total arsenic were lost from the supernatant with the precipitate (Fig. 1) . The remaining arsenic detected in the aqueous phase by IC-ICP-MS was As(V). Similar results were also noted at 500 M As(V). Control experiments containing no bacterial cells showed negligible accumulation of Fe(II), no precipitate, and no significant reduction or removal of arsenic from the solution. In addition, we ran controls containing defined medium with no cells but with 50 mM Fe(II), 56 mM sodium citrate, and 100 M As(V). After 8 days, a white precipitate also formed, which was able to remove 60% of the As(V) from the solution. The remaining arsenic in solution was exclusively As(V). These results suggest strongly that the arsenic was removed in Fig. 1 (Fig. 2C) , with the presence of Fe, As, and P in biominerals obtained from the cultures confirmed using an ESEM with EDS ( Fig. 2A and B) . The formation of phosphate minerals has frequently been observed in sedimentary environments under high biological productivity (22) , where organic matter serves as a source of phosphate to sediment pore water through bacterial degradation (5) . In this experiment, the phosphate was present as a constituent of the growth medium, which reacted with biogenic ferrous iron, leading to the formation of a new mineral phase with the potential to sorb arsenic. XANES analysis of the vivianite indicated that the arsenic sorbed as As(V) (85%), with small amounts of As(III) (15%) also detected ( Table 1) . The EXAFS and associated Fourier transformed spectra are displayed in Fig. 3 . The best fit of the EXAFS spectrum of arsenic sorbed to vivianite indicated that the metalloid was coordinated to four oxygen atoms at a distance of 1.70 Å, consistent with the geometry of tetrahedral arsenate. A second shell of two iron atoms was also resolved at 3.29 Å. A further shell of arsenic atoms was fitted at 3.40 Å. Inclusion of a contribution from multiple scattering within the arsenate tetrahedron made a small improvement to the EXAFS fit. These results suggest that G. sulfurreducens was incapable of efficient reduction of As(V) either enzymatically or via Fe(II) in solution or in the Fe(II)-bearing biomineral vivianite. In addition to vivianite, a range of alternative Fe(II) biominerals is produced by Fe(III)-reducing bacteria depending on geochemical and mineralogical constraints (15, 37, 45) . For example, siderite (FeCO 3 ) is frequently observed as a diagenic precipitate in aquatic sediments (31) , where its formation is generally associated with the bacterial respiration of organic matter or hydrogen coupled to dissimilatory Fe(III) reduction in a reducing environment, with CO 2 production and high alkalinity (15)-conditions encountered in sediments in the Ganges Delta (38) . Given the results obtained with vivianite, we also studied the interactions of biogenic siderite with As(V), and attempts were made to generate siderite using washed cell suspensions of G. sulfurreducens suspended in 30 mM carbonate buffer (pH 7.0) supplemented with 56 mM Fe(III)-citrate and 20 mM acetate as the electron donor. Although efficient Fe(III) reduction was noted, siderite did not form in these experiments, despite an excess of carbonate ions. For this reason, biogenic siderite was obtained from a stable Fe(III)-reducing consortium enriched from brackish waters where siderite was implicated as a dominant iron biomineral (2) . Samples of siderite (78 mg/ml) from these cultures (Fig.  4A) were incubated in carbonate buffer in the presence of 100 M As(V), and approximately 96% of the metalloid was removed from solution over a 20-h incubation period (Fig. 4A) . A similar level of removal was also noted with 500 M As (data not shown). The low concentrations of arsenic remaining in solution were analyzed by IC-ICP-MS and were approximately 3% As(V) and 98% As(III) at both starting concentrations. XAS analysis showed that the As associated with the biomineral phase was a mix of 50% As(V) and 50% As(III), suggesting abiotic reduction of the pentavalent arsenic by Fe(II) and retention of the reduced As(III) by the siderite (Table 1 ). These results demonstrate that the Fe(II)-bearing mineral siderite is also able to sorb As(V) and As(III) effectively and is implicated in the abiotic reduction of As(V). Hence, siderite, like vivianite, could be a potential sink for arsenic in the subsurface. Indeed, field evidence supports a role for siderite in arsenic sorption in sediments from the Bengal Delta (38) .
An additional set of experiments using G. sulfurreducens addressed the fate of As(V) sorbed to an insoluble poorly crystalline Fe(III) oxide phase undergoing reduction by washed cell suspensions. These experiments were important, as insoluble poorly crystalline Fe(III) oxides and oxy-hydroxides such as ferrihydrite are widespread in aquifer sediments and exhibit high adsorptive capacities for arsenic (36) . Furthermore, the reductive dissolution of arsenic-bearing Fe(III) phases by Fe(III)-reducing bacteria has been proposed as a mechanism for arsenic release into groundwater in aquifers (39) . In these experiments, the reduction of poorly crystalline Fe(III) oxides resulted in the formation of a black magnetic mineral, the Fe(II)-containing mixed oxide magnetite (Fe 3 O 4 ) (Fig. 5A to C) . Approximately 99.9% of the As remained sorbed to the mineral phase throughout these incubations, and the trace amounts of arsenic in solution were detected as As(V) by IC-ICP-MS (Fig. 5A) . XAS analysis of the arsenicbearing biomagnetite suggested that As(III) was not present in the samples; the position of the absorption edge and the nearedge structure showed that arsenic was present entirely as As(V) in the magnetite precipitates (Table 1) . These results do not support the hypothesis that the reduction of As(V)-bearing Fe(III) oxides results in the efficient mobilization of arsenic, but they do add weight to the view that biogenic Fe(II)-bearing minerals can act as a sink for the metalloid.
Geobacter-arsenic interactions in sediments. Several studies have shown that metal reduction activities in defined laboratory media can vary significantly in comparison to those results obtained from more-complex aquifer sediments (for an example, see reference 32). To determine if Geobacter sulfurreducens could play a role in the release of arsenic from West Bengal sediments, the organism was inoculated into heat-sterilized sediments collected from an aquifer from the Nadia district, West Bengal, with elevated arsenic concentrations (21) and mixed with a synthetic artificial groundwater (described in reference 21). However, the axenic culture of G. sulfurreducens was not able to reduce or mobilize arsenic from the sediment, even though the indigenous microorganisms were able to mo- bilize As(III) under these conditions (21) . There was a negligible increase in As(V) or As(III) concentrations detected in the pore waters, even though there was a significant increase in Fe(II) concentrations in the sediments, reaching a 3-mmol/kg sediment slurry after 24 days of incubation (Fig. 6 ). This confirms that metabolically active cells of G. sulfurreducens were not able to reduce and mobilize As(V) in sediments and suggests that the reduction of As(V)-bearing Fe(III) oxides alone is not sufficient to mobilize arsenic in these sediments by this microorganism.
Conclusion.
These results show that although the model Geobacter species G. sulfurreducens has been reported to have the genetic potential to reduce As(V) (30), it did not reduce As(V) in culture or in As(V)-bearing sediments. These experiments illustrate the importance of verifying inferences from genome-sequencing initiatives with physiological experiments. The mechanism of tolerance to high (0.5 mM) concentrations of As(V) remains to be identified in G. sulfurreducens, and it remains to be determined if Geobacter species play a direct role in As reduction and mobilization in aquifers, as implicated in previous studies Vaughan, and J. R. Lloyd, unpublished observations). Although there may be specialist Geobacter species with the ability to respire using As(V), it is also possible that other metalreducing prokaryotes play a role in mobilizing arsenic in such environments.
These results also demonstrate that the reduction of As(V)-bearing Fe(III) oxides may not be sufficient to mobilize As(V) in aquifer sediments as previously hypothesized (43) but instead could lead to the formation of new Fe(II)-bearing mineral assemblages that have the capacity to sorb As(V). Our results also show that a range of biogenic Fe(II) minerals (e.g., vivianite and magnetite) are unable to abiotically reduce As(V) efficiently [no reduction with magnetite and only 15% supplied As(V) reduced by the vivianite] in sharp contrast to other high-valence metals such as Cr(VI) (14) and Tc(VII) (25) . More efficient reduction of As(V) was noted with siderite but with the subsequent sorption of most of the As(III) by the Fe(II)-bearing mineral. Instead, other mechanisms are implicated in arsenic release, including the involvement of other specialist As(V)-reducing prokaryotes, possibly sustained initially through respiration using the more abundant bioavailable Fe(III) oxides in the sediments (21) . This model of As(III) mobilization is supported by several recent microcosm-based studies that have shown that Fe(III) reduction and As(V) reduction are sequential and not necessarily linked directly (21, 43) . The identification of these organisms remains a crucial step in understanding the biogeochemical basis of As(V) reduction and mobilization of As(III) in "at risk" aquifers. There is also a clear need for further work on the detailed mechanism of As mobilization through the biological reduction of As(V), as our studies suggest that As(III) formed through reduction by biogenic Fe(II) in siderite is able to sorb effectively to the Fe(II)-bearing mineral. Thus, other factors associated with the local chemistry of the metal-microbe interface may potentially play a crucial role in maintaining solubility of the bioreduced As(III). 
